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ABSTRACT 


This thesis determines the feasibility of developing a 
16-inch, gun-launched anti-satellite weapon. The general 
performance capability of rocket-and scramjet-boosted, gun- 
launched vehicles is examined with regards to propelling a 
miniature homing vehicle to a satellite intercept altitude. 
Rocket and scramjet boost vehicle performance is modeled 
and optimum trajectories are determined. A low gun elevation 
at launch and a pop-up manuever are required to maximize the 
scramjet boost vehicle acceleration potential. The rocket 
boost vehicle is capable of intercepting a low altitude 
satellite without a pop-up manuever from a gun elevation of 
4S degrees. Both boost methods provide apogees consistent 
with the intercept of known Soviet Electronic Intelligence 
Ocean Reconnaissance satellites, EORSAT, and Radar Ocean 


Reconnaissance satellites, RORSAT. 
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I. INTRODUCTION 


There are four events which suggest that a feasibility 
study should be made of the 16-inch naval gun as an anti- 
satellite, ASAT vehicle launcher. The first event is the 
paper by A. M. Valenti, Sannu Molder and G. R. Salter [Ref. 1] 
which indicates that a gun-launched supersonic-combustion 
ramjet, scramjet, is capable of 50-g acceleration and Mach 15 
velocity. There is also the paper by C. H. Murphy, G. V. Bull 
and E. D. Boyer [Ref. 2] which indicates that a gun-launched 
rocket is capable of placing a payload in a highly elliptical 
19,000 nm by 500 nm orbit. The second event is the U.S. Air 
Force development of a rocket-propelled, miniature ASAT 
weapon to be launched from the F-15 aircraft [Ref. 3]. The 
third event is the recommissiong of at least one Iowa class 
Battleship, consequently bringing nine 16-inch guns into 
service. The fourth event is the proliferation of long range 
anti-ship cruise missiles. To survive, a Naval Task Group 
must deny the enemy over-the-horizon targeting information 
provided by Qcean Surveillance Satellites [Ref. 4]. 

The USAF ASAT system involves the placement of a Miniature 
Vehicle, MV, which is a highly sophisticated homing weapon, in 
a sub-orbital acquisition window [Ref. 3]. The problem is, 
can a 16-inch, gun-launched vehicle place this or a similar 


MV ASAT weapon in the required sub-orbital acquisition window? 


II. BACKGROUND AND DEVELOPMENT 


A. THE MINIATURE ANTI-SATELLITE VEHICLE 
Aviation Week [Ref. 3] describes the USAF ASAT as: 
Miniature vehicle anti-satellite weapon under development 
by the U.S. AIR FORCE SPACE DIV and Vought would utilize 
long wave infrared homing combined with laser-gyro 
stabilization and an extensive lateral maneuvering 
capability to collide with and destroy a hostile Soviet 
spacecraft.[p. 243] 
The Air Force system actually uses the F-15 aircraft as 
a first stage; a Boeing short-range attack missile (SRAM) 
and a Vought Altair are used as second and third stage vehicles. 
The F-15 flies to a predetermined position and altitude and 
launches the SRAM-Altair-MV vehicle. The SRAM provides the 
majority of accelration. The second stage Altair spins the 
MV to 20 revolutions a second. After the target has been 
acquired by the MV, the MV is released by the Altair. The MV 


is described as being approximately 12 x 13 inches in size. 


[Ref. 3] 


B. THE 16-INCH, 50-CALIBER NAVAL GUN 

The 16-inch, 50-caliber naval gun, like the nine aboard 
the USS NEW JERSEY, has a 16-inch diameter bore. The barrel 
is approximately 66 feet long. The maximum gun elevation is 
45 degrees. Standard projectiles weigh about 2700 pounds with 
a typical muzzle velocity of 2800 feet per second [Ref. 5]. 


The values above vary with charge and projectile weight. 


Performance of the 16-inch gun when projectiles with smaller 
mass are used can be predicted. Assuming a frictionless 
barrel, which should be nearly feasible with silicon or 


teflon coated projectiles, 


(1) 


average pressure on the base of the projectile 
mass of the projectile 

base area of projectile 

length of barrel 

muzzle velocity 
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Using P = 1.58562 x 10° N/m? or 23,000 lbf/in’, A = 0.1297 m?, 


and L = 20.32 m, the Mach number as a function of projectile 





mass is: 
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PROJECTILE MASS (kg) 


Fig. 1: MUZZLE MACH NUMBER VS. PROJECTILE MASS 
The results of Figure 1 are substantiated by D. Monetta [Ref. 6]. 





C. 16-INCH GUN ASAT WEAPON 


1. Target Altitudes 


Ocean reconnaissance and targeting satellites are 


presumedly the primary targets for a Naval ASAT system 
[Ref. 3]. Their ability to locate and identify ships simpli- 
fies the Soviet over-the-horizon targeting problem. The 
Soviet RORSAT, Radar Ocean Reconnaissance Satellite, orbits 
at an altitude between 250 Km and 260 Km. The Soviet EORSAT, 
Electronic Intelligence Ocean Reconnaissance Satellite, orbits 
at an altitude between 430 Km and 440 Km [Ref. 4]. The 
altitude achieved by the gun-launched ASAT should be sufficient 
to intercept these satellites. 
2. Mission Profile 

Figure 2 depicts a possible 16-inch gun-launched ASAT 
mission profile. The 16-inch gun performs the function of a 
first stage booster, accelerating the boost vehicle, which 
includes the miniature ASAT vehicle, MV, to a velocity between 
Mach 3 and Mach 5. The boost vehicle should accelerate to a 
velocity between Mach 7 and Mach 9 and increase the flight 
path angle as measured from the horizontal to between 50 and 
85 degrees. The MV and support equipment will detach from 
the boost vehicle at 150 Km. As the MV approaches the apogee, 
target acquisition occurs and lateral guidance corrections 


are made as necessary to achieve an intercept [Ref. 3]. 


10 


TL 


The MV intercepts the 
target satellite. 


The MV acquires the target 
and terminal homing begins.\ 2 
At 150 km, the MV and 


Support equipment separate 
from the boost vehicle. S 


Flight path angle and stability are 
maintained by controls while the 
vehicle is in the atmosphere. 


The vehicle controls deploy and 
the vehicle begins to accelerate The vehicle continues to accelerate 
and executes a pop-up to increase the 
flight path angle. 


16-INCH GUN~ASAT MISSION PROFILE 
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3. Physical Characteristics 


The boost vehicle may have a diameter as large ae 2 

16.5 inches if the gun is fitted with a smooth bore liner. 

A smooth bore in one of the nine 16-inch barrels on the 

Iowa class Battleship would not significantly degrade the 
ship's firepower. A smooth bore gun may also find additional 
applications with gun launched guided projectiles. 

The vehicle may be sub-caliber if saboted; however, a 
sub-caliber vehicle with a diameter less than 14 inches will 
not accommodate the existing MV. The length of the vehicle 
is governed by the amount of handling room in the gun turret, 
by the barrel length and by the ability of the vehicle struc- 
ture to withstand loading due to acceleration in the gun. 

The standard 16-inch projectile is approximately 80 inches 
long. Assuming the boost vehicle can be sectioned and 
assembled while being loaded into the gun, it could reasonably 
be 192 inches long [Ref. 2]. Acceleration within the barrel 
will range from 2600-g's to 7200-g's. The duration of this 
peak loading is from 0.04 to 0.02 seconds. If 120% yield 
stress is used as a working stress, it is reasonable to 
predict that 50 - 75% of the vehicle weight will be required 


for the structure [Ref. 1]. 


Le 


Tits. BOOST “VEHICLE 


The campatability of the boost vehicle with the 16-inch 
gun-launcher dictates many of the vehicle characteristics. 
Primarily, the vehicle is volume limited. The vehicle mass 
is also a key factor. The vehicle mass, as in any missile, 
is a function of payload, fuel, structure and controls; 
however, in this specialized application, mass also affects 


the muzzle velocity, V Assuming vehicle with a mass of 


0° 


350 Kg is used, the V, obtainable is 1360 m/sec, which is 


0 
Mach 4.5. For the EORSAT mission, the intercept trajectory 
requires the vehicle to be at a velocity of 2618 m/sec, V, 


at 10 Km altitude. To achieve the required velocity, the 


vehicle must be capable of 7.9-g's of acceleration, A. 


2 
(V-Vp) 
So 2gyh 


Muzzle velocity may be increased, thereby reducing the 
acceleration requirements. However, an increase in Vo is 
at the expense of fuel and/or payload. The required strength 
and consequently the mass of the vehicle case can only 
increase with increased V5- 

The majority of the air breathing engines are not appli- 


cable as a result of their inherent performance limitations. 


This includes the subsonic combustion ramjet, due to a low 


pie: 


acceleration limit. The supersonic combustion ramjet, 
scramjet, is, however, theoretically capable of 50-g 
acceleration [Ref. 1]. 

Solid or liquid fuel rockets of single-or multi-stage 


design are a second potential souce of propulsion. 


A. SCRAMJET 
1. Scramjet Background 
Considerable research was focused on scramjets during 
the late 60's and early 70's. This included the testing of a 
Mach 7.0 gun-launched scramjet in 1975 [Ref. 7]. The detailed 
analysis required to develop a completely accurate model of 
a scarmjet is beyond the scope of this thesis. Therefore, 
various assumptions are made to simplify the scramjet model. 
The goal is to first determine system feasibility and to 
second identify areas requiring additional study. 
2. Scramjet Model 
The first assumption in this model is that y, the 
ratio of the heat capacities, is constant and equal to 1.4 
throughout the scramjet. Admittedly this is an erroneous 
assumption as the temperatures and pressures involved exceed 
the realm of ideal gas. Never-the-less the straight-forward 
evaluation allowed by the use of equations for ideal gas 
provides an optimistic, yet relevant, performance base-line 


for overall scramjet boosted ASAT system evaluation. 
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The scramjet was modeled in two sections, inlet and 
combustor. The nozzle is assumbed to be capable of expanding 


the flow to the ambient pressure, P at all altitudes. The 


0? 
inlet is assumed to have variable geometry which will maintain 


a constant ratio of M/My for all values of M This perfor- 


Q° 
mance characteristic is assumed to be achievable and is 
derived to maximize the thrust [Ref. 8]. The design of this 
inlet may, in fact, not be feasible and is an area requiring 
additional study. 
a. Combustor 
As shown in Figure 3, air enters the combustor 


at point 3 at some Mach number, M.. M, is a function of the 


free stream Mach number, M the kinetic energy efficiency of 


5? 
and some stagnation pressure, P 


the diffuser, P 


pi ES 


tor Tq? TF Pp3/Poog 


T 4? Pac/ Pan Ty and Pag/ Pans =e and complete expansion is 


Na 
is a function of the ratio of Parg/P 


assumed in the nozzle, then 


Se OP re a BT (4) 


Static and stagnation pressures at entrance and exit are 


related by 


Pp = P = —_——— el ee (5) 


LS 


COMBUSTOR NOZZLE 


IDEAL SCRAMJET CHARACTERISTICS 
NOT DRAWN TO SCALE 
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From equations (4) and (5): 


Pag (t Tm 1)? Ls Pag 
a See ee eer (6) 
t 2 i 
¥r-1l y 27 YL yal > 
[l+-5= Me- J [1+ 5 0 J 
Let 
ye¥ct M 2 
ani Y 6 
n= (nro. 1,] Y= = (7) 
oR = eS Y 1 9 
pee eas M 
Y 0 


and TR = 1 + [(yt1)/2] My’. 


Solving equation (7) for (Mo /M >? and relating Mach number 


and temperatures, results in equation (8). 


= wey (TR+- tL) (8) 


The energy equation across the combustor is 


Q+ mh. = r mh 


(9) 
inlet + 7 exhaust ° T° 
where Q = [fuel flow rate]x{chemical energy of the fuel 


(he, BTU/1lbm) ]x[the combustion efficiency (n,)J- Applying 
the definitions above to the energy equation produces equation 
C10) 
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4-5 + Ae = (ite? Dag (10) 


By relating the stagnation temperature to the enthalpy by 


he = CoTn> and solving for the fuel-air ratio, f, equations 


(11) and (12) may be written as: 


pte > (1+f)CoTag (11) 


ce 
Tr9 
f = —io (12) 
fyb. a5 
Coleg Tero 


As indicated in Figure 3, the stagnation temperature, Tp 
at point 0 is equal to the stagnation temperature at point 3, 


therefore, from equation (12): 


TS TS : fheny (ltt) 
fe AG a es ee ea (13) 
TO T3 PTO 
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Solving for the Mach number at point 5 from equation (13): 


(1-2yM, °K) +¥ L-2KM,° (y+1) 


eae 2 — (14) 
5 (2M, “y°K~y-1) 


where 
= eee 
TS 7 
TO Ch+ym,*)? 


Now 7, may be expressed as: 


b 
. Y 
P ttyM,* 1+t54u.? Foz 
=. aS 3 paid ae 
TF pee 2 oy (SO (16) 
Ta) ry. i+G=M, 


In evaluating T a> the kinetic energy efficiency of the 


diffuser, is defined by stream velocity at point 3, V 


Na? 


divided by the free stream velocity, V 


3? 
9? quantity squared. 
This assumes isentropic expansion to the free stream pressure 


Py for a given Ag and Pay [Ref. 8]. As developed by G. L. 


Dugger [Ref. 8], given M P may be determined from: 


7 AES 


is 


P 
Cs ie. 


Therefore ™4 May be expressed as: 


Z yr+ Z 2 4 
Wa = Ci. + M Ci Ng? (17) 


Prg/ Pps» T > is assumed to be equal to 0.9. 


6" - MyV + A, (P.-Po) (18) 


The general equation of thrust for an air breathing engine, 


above, may be written as equation (22) by assuming complete 





expansion in the nozzle such that Pe = Py: Then writing F as, 
. m.V 
POS nse ae) (13) 
0-0 Mg Vg 


Ye Mg om (ee 
Yo My r =v¥ 1 inp a (20) 
0 TR-[(iR+1-1) F 
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mh. = mh 


6 


Substituting equations (13) and (7) into the expression for 


: 7 ‘ ee eee 
ae + eel such that Tie /Tp (1+f) by definition 


T,/T, in terms of stagnation temperature results in: 


1. PBEM 

T Coe 

w= ——_+ (21) 
a0 m(1+f) 


Combining and simplifying equation (19), (20), and (21) 


results in equation (22). 







fn 
C(1+f£)(TR-m-1) (1+ 
ee eA vere 


Equation (22) is the expression for thrust produced by a 
scramjet as a function of My> M3, losses in the engine 7, 
cage Ny» he, hg » and Trg: 

The equations for thrust as a function of altitude 
My and M,, were programmed for a TI-59 calculator. See 
Appendix A for program listing. The atmospheric variable, 
Po (air density lbm/ft*), Tp (static air temperature, °R) 
and a, (sonic velocity, ft/sec) were entered for each altitude 
from tables of the ICAO STANDARD ATMOSPHERE [Ref. 9]. 

Though liquid hydrogen would provide a greater 


Top? a carbon-based fuel-is used in this model. Carbon-based 


a 


wal 


fuels, like JP-5, Ci gig? may be easily adapted to shipboard 
storage and have a significant density advantage over liquid 
hydrogen. The density of the fuel utilized is critical in 
this volume-limited system. The he used in these calculations 
is 18630 Btu/lbm. The flame temperature in the combustor, 
Tos for JP-5 in air at 1500°R and 40 seuosphenes is approxi- 
mately 5000°R. The air temperature and pressure are approxi- 
mations for conditions of point 3 when My is Mach 6 at sea 
level. The theoretical stoichiometric f for JP-5 is 0.0687; 
f for the maximum flame temperature above is 0.0733. The 
flame temperature, Te» of 5000°R is used as a limiting factor 
in the thrust equation. 

The thrust program, illustrated in Figure 4 and 
summarized in Table I, is a decremental-loop program which 


decrements the value of f and then determines; one,if M, can 


5 
be calculated; two,if Mo is approximately equal to 1.0; and 
three, if T. is within the limits for combustion of JP-5. 
Failure of any of the three tests results in a reduction of 
f and another attempt at calculating the thrust. The test 
for M.>1 causes the thrust to be determined for thermally 
choked flow at point 5. Thermally choked flow for a constant 
area combustor provides maximum thrust and over-all engine 
efficiency [Ref. 8]. 

b. Inlet 


A significant factor governing the amount of 


thrust produced is the Mach number of the flow at point 3, 
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TS 


Aa 
' 


8) 
tt 


TR 


Ww 


TABLE I 


SUMMARY OF SCRAMJET THRUST PROGRAM EQUATIONS 


2 Sd 
(14+0.2M, (1-ny) 


0.982 


Cf 76950+T,, 1) 


L+f 


/ 2.8M,°K-1-/-R) 


(0.4-3.92M,*K) 


2 


(1+0.2M, ) 


(141.4647) (1+0.2M 
a 


C1+1.4M, ) (140.2M, ) 







7 
C1+£)(TR- 4-1) (1+q-4—) 


2u 


Mae Thrust was maximized for this scramjet by calculating 


thrust as a function of M, for various values of My> see 
Figure 5. Thrust was found to be maximized when M,/M)=0.7. 
Figure 5 was determined for sea level; however, the results 


were determined to be reasonably consistent at various 


altitudes. 


THRUST 


x 10° 
(Ibf) 





Fig. 5: SCRAMJET THRUST AS A FUNCTION OF 
THE MACH NUMBER AT POINT 3, M, 


The kinetic efficiency of the diffuser Ng was 


determined with the equation Na = 0.9% + 0.06M,/M)- This 


25 


equation assumes perfect air through a 3 oblique shock 
inlet with wedge angles of 10 to 15 degrees for Mach 
numbers from 3.0 to 7.0 [Ref. 8]. 
ec. Seramjet Thrust Data 
The thrust produced by the scramjet was calculated 
as a function of M, and altitude with the following variables 


0 
set to the values indicated: 


Na = 0.982 

A! @S) dee? (£t?) inlet area 
Pe = 0.90 

T. (MAX) = 5000°R 

he = 18630 (Btu/1lbm) 

f£ (stoichiometric) = 0.0687 
ne 0.95 

M, = 0.7M, 


The results are presented in Appendix B. 

d. Curve Fit for Scramjet Performance 

Calculation of the boost vehicle performance 

requires the values for thrust and fuel flow at 
each point along the flight path. The increment loop nature 
of the thrust program makes its incorporation into a flight 
path program undesirable. Fortunately, the plots of thrust 
and f as a function of Mach number and altitude are adequately 
represented by a series of straight lines. Figure 6 presents 


the correlation between the calculated data points, which are 
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20 
_ THRUST 
x10° 
(Ibs) 15 
10 





MACH NO. 


Fig. 6: SCRAMJET THRUST AS A FUNCTION OF 
MACH NUMBER AND ALTITUDE 

shown as large dots calculated with the TI-59 thrust program, 
and the thrust curves calculated with the linear equations 
based on the thrust data. The linear equations for thrust 
are rather tedious and may be found in the program listing, 
Appendix C. The graph of f as a function of Mach number and 
altitude, shown in Figure 7, indicates that f may be 


approximated by three linear equations: 


aa 


Fag. 7% 


0.04 


0.0 2 





FUEL-AIR RATIO,f, a A FUNCTION OF THE MACH 
NUMBER AT POINT 0, AND ALTITUDE WITH 
CORRELATION TO APDRORIMATING EQUATIONS (23), 
(24), (25) 


0.011(M-5) + 0.0266 
where 4<M,<6 and altitude < 30,000 ft. 


0 


0.0093(M-5) + 0.021 
where 4<M) <7 and altitude > 30,000 ft. 


0.0017(M-6) + 0.037 


where 1) 
2) 


My>65 altitude < 30,000 ft. 


My?%> altitude > 30,000 ft. 
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(23) 


C24) 


(25) 


e. Scramjet Vehicle Design 

A complete and thorough design for a gun-launched 
ASAT using a scramjet far exceeds the scope of this thesis. 
However a general dimensional presentation is required to 
determine aerodynamic characteristics as well as fuel and 
payload volume capacity. 

The three-dimensional parameters that generally 
define the shape and size of the vehicle are outer diameter, 
inner diameter and length. The outer diameter is established 
by the gun which is 16 inches if the gun is unaltered and 
16.5 if the rifling is removed. Total length assuming the 
capability of performing some assembly of diffuser and tail 
section in the gun turret should be a maximum of about 16 feet. 
The inner diameter refers to the diameter of the cylindrical 
inner body which houses the payload, fuel and the vehicle 
controls. The inner diameter (i.e., the diameter of the 
center body) is influenced by two factorg. The first factor 
is a result of the design characteristics of the diffuser. 


A minimum area at point 3, A exists with regards to the 


3°? 


free stream capture area, A and M.. Continuing with the 


O 0 

assumptions of ideal gas, M,/M, = 0.7 and Ra 0.982 the 
ratio A3/Ay may be obtained as follows: by continuity Mp = 
m, such that A,/A, = CPy/P.)(My/M) CA /A,). From the 


0 
relationships for ideal gas the Tao = Tr3? 


the ratio of Az/Ag may be written as: 


Pag Prg3 = i/t, 
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eS ee (26) 


Evaluating l/t, with equation (17) and applying the assumptions 


above, A,/Ay may be calculated as a function of M At this 


0° 
point, an assumption must be made about the thickness of the 
outer case illustrated in Figure 8. Obviously, for a fixed Ag» 
the ratio of the diameter of the center body to free stream 
capture area, A,/A); must decrease as the outer case thickness 
increases. Therefore, at least two options exist. The first 
option is to make the outer case thick enough to hold the fuel 
and controls. The second option minimizes the thickness of 

the outer case and carries all fuel and controls in the center 
body. The payload section will necessarily be located in the 
center body of the boost vehicle. The center body is required 
to be at least 13 inches in diameter to accommodate the existing 
ASAT MV or have sufficient volume to accommodate a volume- 
equivalent ASAT MV. Option two is therefore applicable. 

If the outer case wall is assumed to be 0.5 inches 
thick, the area within the outer case is 176.7 square inches. 
For an Ay of 153.9 square inches and flight Mach numbers of 
Heo tO) 205 Ay will vary from 61.56 to 96.96 square inches. 

Assuming the variable geometry of the inlet 


assembly is capable of reducing A, from its maximum to its 


3 
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minimum value, the maximum center body area must be small 
enough to provide for the maximum Ags Consequently, the 
center body is limited to a 10.08 inch diameter. 

As the dimensions of the center body will not 
accommodate the existing ASAT MV, a volume-equivalent pay- 
load of 2261 cubic inches will be used. This volume 
includes the 12 x 13 inch cylindrical MV and an additional 
790 cubic inches of auxillary equipment. 

Figure 8 is a general representation of a 
potential gun-launched scramjet ASAT vehicle. The volume 
equivalent payload will occupy the 309 cubic inches of 
the diffuser cone as well as a 30.6 inch section of the 
center body. This assumes 0.5 inch thick walls and a 10.08 
inch diameter center body. 

The scramjet engine was modeled using JP-5 
as a typical fuel. JP-5 has a density of 0.0296 Lbm/in?, 
Therefore, to carry 100 lbm of fuel requires 3376.3 cubic 
inches; based on center body diameter, the volume corresponds 
to a 52.6 inch long section of center body. If a high 
density carbon based fuel, similar to the fuels being 
developed for various cruise missile applications, is used, 
a fuel density of 0.03937 lbm/in® may be assumed [Ref. 10]. 
The center body length required for fuel is then reduced to 
39.4 inches. The vehicle case including structure and 
insulation is assumed to have an average density of 0.0367 


lbm/in®. The assumed total case mass is 356.33 lbm. Fuel 
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allotted is 110.23 lbm. The payload, which includes the MV, 
and support equipment, is allotted 100 lbm. Control and 
guidance equipment which includes diffuser control, fuel 


control and control surfaces actuators is allotted 150 l1bm. 


Vehicle total launch weight is 716.5 lbm. 


B. ROCKET 
1. Rocket Background 

Gun launched sounding rockets have been developed and 
tested as part of several projects. During the late 60's 
and early 70's, the ayncteancnedeorw ens (GLO-1A), was 
developed [Ref. 2]. The GLO-1A was a three stage system 
designed to be fired from a 16.7 inch, 75 caliber gun. The 
predicted apogee with a 8.6 lbm payload was 2629 nm. Applying 
this promising performance to the ASAT problem resulted in 
the following model. 

2. Rocket Model 

The rocket boosted gun-launched ASAT is a simple, 
Single stage, fin-controlled system. The design assumes 
a smooth bore oversized gun barrel. The vehicle is assumed 
to be 16.5 inches in diameter. If a silicon greased nylon, 
or teflon obturator, is used, the barrel will be approximately 
16.7 inches in diameter. 

a. Rocket Thrust 

The propellant grain is 40 x 16 inches, end 

inhibited, with an internal eight point star. A possible 


propellant is DB/AP-HMX/Al, which has a density of 0.067 
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Lbm/in?. The boost grain mass is 472.2 lbm or 216 Kg. For 
the purposes of this model, thrust is assumed to be constant 
and equal to the average thrust. The average thrust, T, is 
equal to 19010 1bf or 84556.48 Nt. The Isp is 243 sec. 
Propellant mass burn rate is 78.7 lbm/sec or 36 Kg/sec. 
Assuming the action time equals the burn time, the boost 
grain is modeled to produce the average thrust for 6 seconds. 
The model also assumes complete expansion in the nozzle. 
b. Rocket Vehicle Design 

The diameter of the rocket boost vehicle will 
allow the use of the MV developed for the Air Force. As 
illustrated in Figure 9, a 12-inch long section of vehicle 
is allotted for the MV. Additionally, 2421 cubic inches are 
available in the nose cone for auxiliary equipment. The 
payload mass in the rocket system is the same as the 
scramjet system, 100 lbm. The weight of the vehicle case and 
controls, based on the values given for the GLO-1B [Ref. 2] 
is 184.4 lbm or 83.6 Kg. Total vehicle mass is 760.53 ibm 


or 345 Kg. 
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IV. HYPERSONIC AERODYNAMICS 


Both the scramjet and the rocket boost vehicles exit 
the barrel at a high supersonic Mach number, 4.5, and 
rapidly accelerate to hypersonic speeds greater than Mach 6. 
Both vehicles are basically cone capped cylinders. As 
indicated in Figure 2, in order to maximize performance, 
the vehicles will Heed to increase their flight path angle, 
A, from the maximum gun launch angle of 45 degrees. The 
variables used in this section are those used in the tra- 
jectory program of Appendix C. Aerodynamic lift is used to 
achieve the change in trajectory angle. The change in 
trajectory angle is termed a pop-up maneuver. Therefore, 
the aerodynamic control system for the vehicle must be 
capable of providing an angle of attack, A7, as well as 


stabilizing the vehicle. 


A. HYPERSONIC AERODYNAMIC FORCES 

One theoretical method of dealing with hypersonic 
aerodynamics is through the use of Newtonian impact theory. 
This entire section on hypersonic aerodynamics follows 
closely the presentation in Chapters 3 and 4 of Truitt 
[Ref. 11]. The basic assumption is that at extremely high 
Mach numbers the aerodynamic force coefficients are inde- 
pendent of the mach number. Aerodynamic forces on the 


body are a function of surface area presented to the free 
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stream. Comparison between impact theory predictions of 
force characteristics for a cone-cylinder body and 
experimental data at Mach 7 is of the same order of accuracy 
as obtained at lower Mach number with supersonic theory. 
Accuracy can be expected to increase with higher Mach 
numbers as the impact theory is derived for a free stream 
Mach number of infinity. 

Three possible cases can be considered in determining 
the force coefficients for the body: 


Case One - The angle of attack equals zero, A7 = 0. 


Case Two - The angle of attack is less than or equal to 
the half cone angle, A7<A3. 


Case Three - The angle of attack is greater than the 
half cone angle, A7>A3. 


Define the following symbols: 
Cy = normal force coefficient 
Co = axial force coefficient 
A3 = half cone angle (deg) 


A7 = angle of attack (deg) 


RQ = diameter of cone base = diameter of cylinder(inch) 
Lor, = length of cone (inch) 

Lag = length of cone not considered for cowl (inch) 

RO = diameter of cowl opening (inch) 


Using the cone shown in Figure 9, A, would be 10.3°. 


oF 


1. Case One: A7 = 0 
The cylinder is parallel to the free stream, there- 


= Cc C. = C.,-= 0. The cone presents 


N (Cyl) © (cyl) * “LE D 


a symmetrical surface to the free stream, therefore: 


fore, C 


c oo eta ag ; (27) 


The normal force coefficient is equal and opposite at each 


opposing point on the cone such that C = 0. 


N(Cone) 
2. Case Two: A7<A3 
In this case, the entire cone is presented to the 


flow such that: 


cos°A3sin2A7 (28) 


i?) 
tt 


N 
cone 


and 


eein-AS + ne (iose05 7 A55 (29) 


i?) 
il 


3. Case Three: A7>A3 
Only a portion of the cone is presented to the free 
stream forming a low pressure shadow over the remainder of 
the surface. The area subject to free stream impact is 


described by: 





tanA3) 


tank? (30) 


B = arcsin( 
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Then B+ 


- ee it 
c = cos A3sinA7[—— + an 
cone 
x cosBlcotA7 tanA3 + 2tanA7 cotA3) ] (31) 
and 
B+e 
2 ae 3 2 
Co = 2sin’A3 + sin°A7(1-3sin ASIC) 
cone 
+ — cosBsin2A7sin2A3 (32) 


QT 


For both cases two and three, the force coefficient on the 


cylinder are represented by Co = 0 and 





Cy = : a sin A7 (33) 


Equations (27) through (33) effectively describe the 
hypersonic forces on the rocket boost vehicle. However, the 
scramjet configuration, neglecting the diffuser cone, is 
best represented by a partial cone and a cylinder. The 
partial cone represents the scramjet cowl. 

In modelling the cowl consider the cone divided into 
two cones. As illustrated by Figure 10, the large cone has 


a length, L and a base diameter of R9. The small cone has 


DL? 
a length, Lig: and a base diameter of RO. The cowl is 
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Fig. 10: CONE AND COWL 


represented by the (large cone - small cone), and, therefore, 


has an inlet 
Relating the 


Cy 

Small Cone 
oN 

Large Cone 


diameter of RO and a base diameter of RQ. 
Cy on the cones for case two by the base area; 
= eos’ A3 sin 2A7; base area = n/4 (R07) 


= cos” A3 sin 2A7; base area = n/4(R9*). 


Cur - Cy (34) 
Large Cone Small Cone 


Converting to a common base area 





2 
Cy ERE ——) = €68°A3 Sin2A7 (35) 
Small Cone TRI 


4O 


The conversion factor for the forces on the cowl is: 
R02 a 26 
(l - (5? ) (36) 


yy Cy and C) 


By multiplying equations (27), (28), (29), (31), (32) 


and (33) by equation (36), Cy (eeu) and C, (cowl) MAY be 
determined for each case. 
The coefficients of lift, Che and drag, Cy> for the 


cowl or cone are expressed in terms of the applicable value 


of Ca and Cue The general equations for Cy and Cy are: 


Case One: C,=C, = 2sin°A3 (27a) 


Case Two and Case Three: 


Cy = C,sinA7 + C,cosA7 C37) 
CF = CycosA7 - C,sinA7 (38) 
For the cylinder: 
Case One: Cy = Cy = Cy = 0 (39) 


Case Two and Case Three: 


C = C sinA7 C40) 


Cy. = C cosA7 (41) 
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theory, 


Fig. 11: AERODYNAMIC FORCE COEFFICIENTS 


The total lift and drag coefficient due to the impact 


as shown in Figure ll, is 
2 0Ce FC C42) 
= Cx FCC (43) 


In addition to impact drag, the coefficient of skin 


friction drag was determined for flow over the cylinder. The 


equations for skin friction as a result of laminar imcom- 


pressible flow over a flat plate were applied to a cylinder 


of length, L [Ref. 12]. 
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_ 1.328V p (4) 


_ 


This model for boundary layer was selected to provide insight 
concerning magnitude of skin friction. A more refined 
analysis using theory appropriate for hypersonic flow is 


needed. Equation (43) then becomes: 


Cc =C. + C + C (43a) 


B. CONTROLS 
The control system on the venete must be capable of 
initiating and maintaining the required angle of attack to 
achieve and maintain the desired flight path angle until the 
vehicle is exoatmospheric. The flight path angle and velocity 
as the vehicle begins a vacuum trajectory will determine the 
apogee and the encounter geometry between the MV and the 
target satellite, 
L. Forms of Control 
There are two basic forms of control that may be used 
to control the vehicle, vectored thrust or aerodynamic control 
surfaces. 
The vectored thrust approach could be achieved with 


external or internal reaction jets. The volume and weight 
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limitations of this system prevent the use of a separate 
engine to support the reaction jets. Therefore, the reaction 
jets would depend on bleed pressure from the booster. The 
rocket burns for only 6 seconds and the scramjet must burn 
most of its fuel at low altitudes for maximum efficiency. 
In both cases, there may be no thrust available for control 
while the vehicle is still subject to high dynamic pressures. 

Two possible types of control surfaces are folding 
fins, similar to those used on the 5-inch guided projectile 
[Ref. 13], or storable flaps. The fins would fold at the base 
of the vehicle, adding to its length, and would deploy upon 
clearing the barrel. 

The storable flap would be of the same contour as 
the vehicle body and would store flush with the body. The 
four evenly spaced flaps would be hinged on the forward 
edge with the rear edge elevated by an actuator. The effect 
would be similar to that of a variable geometry frustum. 
The advantage of the storable flap is that when control is 
not required, drag is not created by He contwel surface. 

Any type of control surface used must be capable of 
withstanding the launch and up to 1,500,000 N/m? of an. Flight 


dynamic pressure. 


Tan 


V. TRAJECTORY OPTIMIZATION 


The gun-launched ASAT system was modeled on a HP-9830 
computer. See Appendix C for the program listing. The 
program is designed to calculate the vehicle position, 
altitude, acceleration, thrust, weight, drag and lift once 
each time increment, t. Either the scramjet or the rocket 
boost vehicle casart bed previously may be selected. Gun 
elevation, A, pop-up altitude, H1, angle of attack, A7, and 
maximum flight path angle, A8, are input variables. Thrust, 
F, fuel/air ratio, F8, drag, D, and lift, L, are calculated 
at each time increment with the equations developed in the 
previous chapters. The trajectories assume a flat earth. 

If a maximum apogee of 1000 Km is assumed, the error between 


flat earth and round earth calculations is about + 5%. 


A. OPTIMUM SCRAMJET TRAJECTORY 

The scramjet performance is related to the dynamic 
pressure. If the flight path is level and at a moderately low 
altitude, the scramjet is theoretically capable of rather 
phenomenal performance. As the flight path becomes steeper, 
and the vehicle rapidly gains altitude, the atmospheric 
oxygen available for combustion decreases. Therefore, the 
scramjet has less time to produce useful thrust. This makes 
the scramjet bent crmanes-eenel five to the gun elevation angle, 


the pop-up altitude and the angle of attack. 
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A trial and error method was used to determine the 
optimum scramjet trajectory. The gun elevation angle was 
varied from 15 to 45 degrees in 5 degree increments. For 
each gun elevation angle, the angle of attack was varied 
from 0 to 12 degrees in 3 degree increments. This was done 
for various pop-up altitudes from 500 to 11,000 meters. The 
results are presented in Figure 12. The maximum apogee, 

558 Km, results from a gun elevation angle of 15 degrees, a 


pop-up altitude of 6000 meters and an angle of attack of 


12 degrees. 
500 
400 
APOGEE 
Km. 


300 


200 





15° 25° 35° 45° 


GUN ELEVATION 


Fig. 12: SCRAMJET APOGEE AS A FUNCTION OF GUN ELEVATION 


FOR VARIOUS ANGLES OF ATTACK AND POP-UP ALTITUDES 
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The data spread indicates that as the gun elevation 
angle increases,the trajectory becomes less sensitive to the 
angle of attack and pop-up altitude. Appendix D presents 
the data used to produce Figure 12. Included are the angle 
of attack and pop-up altitude for each point. 

Figures 13 and 14 represent the variation of apogee as 
a function of pop-up altitude and angle of attack at a given 


gun elevation. 


APOGEE 


x10" 


Km 





14 44 74 104 


POP-UP ALT. 
> Km 


Fig. 13: SCRAMJET APOGEE AS A FUNCTION OF GUN ELEVATION, A, 
ANGLE OF ATTACK, A7, AND POP-UP ALTITUDE, A=20° 
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The A7 = 12° curve which appears in Figure 14, verifies 
the assumption that maximum performance for a gun elevation 
angle of 15 degrees and an angle of attack of 12 degrees 


occurs when the pop-up altitude is 6000 m. 


APOGEE 


x? 0” 
Km 





14 44 74 104 


POP-UP ALT. 
Km 


Fig. 14: SCRAMJET APOGEE AS A FUNCTION OF GUN ELEVATION, 
A, ANGLE OF ATTACK, A7, AND POP-UP ALTITUDE, 
A=15° 
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B. OPTIMUM ROCKET TRAJECTORY 

Determination of the optimum rocket trajectory is straight 
forward, relative to determining the scramjet optimum trajec- 
tory. The forces affecting the rocket are thrust, drag, and 
gravity. Thrust is assumed constant and of a 6 second dura- 
tion. Gravity varies little over the altitude range under 
study and is considered constant, g = Bq: Drag decreases 
with altitude. From acceleration = force/mass where force = 
(thrust - drag - mg) and mass decreases with time, to increase 
acceleration, drag must be decreased while thrust is stili 
present. Increasing altitude as rapidly as possible is the 
obvious solution. Ideally the gun would be elevated to 90 
degrees and the rocket fired immediately upon leaving the 
barrel. As a gun elevation of 90 degrees is not possible, 
the next best solution is to use the maximum gun elevation 
angle, 45 degrees, and pop-up as soon as feasible after 
leaving the barrel. If the pop-up altitude is 1000 m and the 
muzzle velocity is Mach 4.5, there are 0.7 seconds for the 
control system to become operative and for the rocket to 
ignite. The apogee achieved under these conditions is 
928 Km. Table 2 is a listing of apogee as a function of pop- 
up altitude and angle of attack. The gun elevation angle 
is 45 degrees. Of particular interest is the first entry 
in Table 2. A simple rocket -boosted, 4S-degree launch with 
no pop-up is capable of propelling the 45 Kg paylog to an 
altitude of 409 Km. Table 2 also shows that the apogee is 
insensitive to pop-up altitude up to about 2000 m. 
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Figure 15 represents the maximum apogee trajectory of 
the gun-launched scramjet ASAT. The program output for this 


trajectory is found in Appendix E. 
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Fig. 15: SCRAMJET MAXIMUM APOGEE TRAJECTORY 
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TALBE II 


APOGEE AS A FUNCTION OF ANGLE OF ATTACK AND 
POP-UP ALTITUDE FOR GUN-ELEVATION = 45° 


Angle of Pop-up 

Attack Altitude Apogee 
(DEG) (m) (Km) 
0 0 409 

3 100 S77 

6 100 753 

g 100 800 

12 100 928 

3 300 977 

6 300 753 

3 300 800 

a2 300 928 

3 1000 ST7 

6 1000 793 

3 1000 800 

12 1000 928 

3 3000 554 

6 3000 716 

93 3000 774 

12 3000 828 

3 6000 Del 

6 6000 673 

9 6000 743 

12 6000 309 


If a comparison is made of flight parameters at an 
arbitrary point, 100 Km, where the dynamic pressure can 
be assumed to be zero, the Mach number and flight path angle 
of a shot with an angle of attack of 3 degrees and a pop-up 
altitude of 100 - 1000 m, are 13.1 and 53.3 degrees. For 
the same shot with an angle of attack of 12 degrees the Mach 
number is 14.0 and the flight path angle is 81 degrees. By 
executing a 40-g pop-up, the vehicle avoids a great deal of 


drag and achieves greater acceleration, as previously assumed. 


SL 


Figure 16 represents the maximum apogee trajectory of 
the gun-launched rocket ASAT. The program output for this 


trajectory is found in Appendix E. 
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Fig. 16: ROCKET MAXIMUM APOGEE TRAJECTORY 
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VI. CONCLUSIONS 


The design and development of a 16-inch gun-launched 
anti-satellite weapon is theoretically feasible. Givenproper 
targeting information and assuming the MV can be configured 
for gun launching, a rocket or scramjet gun-launched vehicle 
can boost the ASAT payload to altitudes at which a RORSAT or 
EORSAT may be intercepted. 

The air-breathing scramjet has a greater I 5D than does 
the rocket; however, the scramjet thrust is altitude limited. 
The rocket can take advantage of a farvorable thrust-to-drag 
ratio at higher altitudes. 

The need for an inlet on the scramjet complicates payload 
placement and limits the volume available for fuel. The 
greater density of the rocket propellent better utilizes the 
volume available. 

The rocket boost vehicle requires few advances in design 
technology, and the maximum apogee of 928 Km for the rocket 
ASAT with same payload as the scramjet ASAT indicates that 
heavier payloads may be delivered by a rocket ASAT to the 
altitudes of interest, 250 -440 Km. The ability of the rocket 
boost vehicle to intercept satellites up to 409 Km, without 
executing a pop-up manuever, indicates that a very simple, 
possible spin-stabilized vehicle, can be developed to counter 


the low altitude threat. 
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APPENDIX A 


PROGRAM LISTING FOR SCRAMJET THRUST 


This is a listing for a TI-593 program that will, fora 
given altitude, calculate the thrust for a scramjet. The 
program executes in a closed loop, calculating the thrust 
for the initial Mach number, incrementing the Mach number 
by one and recalculating the thrust. 


The memory loading prior to execution of the program: 


Memory Variable Value Comment 
03 Na 0.97 
04 Py ---- Air dengity 
(Lbm/in*~ ) 
06 A 1.24 inlgt area 
ie ei 
07 Te G3 
09 he 18630 Btu/1lbm 
15 f 0.0676 
21 Af -0.0005 
25 Ty ---- static air 
temp. (°R) 
26 ay ---- sonic speed 
(ft/sec) 


Place initial Mach number in register and press A' to 


execute. 
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APPENDIX B 
TI-59 SCRAMJET PROGRAM OUTPUT 


Various scramjet parameters are presented for hypersonic flight at various altitudes 
from sea level to-150,000 feet. 
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APPENDIX C 
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APPENDIX D 


GUN-LAUNCHED SCRAMJET ASAT APOGEE AS A FUNCTION OF 
GUN ELEVATION, ANGLE OF ATTACK AND POP-UP ALTITUDE 


Gun Angle of Pop-up Apogee 
Elevation Attack Altitude (Km) 
(DEG) (DEG) (m) 
30 0 0 123 
35 0 0 169 
40 0 0 214 
4S 0 0 239 
15 3 500 162 
20 3 500 186 
25 3 500 209 
30 3 500 236 
35 2 500 265 
40 3 500 275 
4S 3 500 286 
15 3 1000 161 
20 3 1000 165 
25 3 1000 208 
30 3 1000 228 
35 : 1000 258 
40 3 1000 275 
45 3 1000 302 
15 3 1500 135 
20 3 1500 162 
25 3 1500 188 
30 3 1500 228 
35 3 1500 258 
40 3 1500 202 
45 3 1500 282 
15 3. 3000 ae 
20 3 3000 155 
29 3 3000 184 
30 3 3000 219 
35 3 3000 249 
40 3 3000 270 
4S 3 3000 280 
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11000 


500 
500 


Gun Angle of Pop-up Apogee 


Elevation Attack Altitude (Km) 
(DEG) (DEG) (m) 
15 12 6000 558 
20 12 6000 4YuS 
25 12 6000 4u26 
30 12 6000 4O5 
35 pee 6000 402 
4Q 12 6000 375 
ud 12 6000 361 
15 12 9000 392 
20 12 9000 HU? 
25 12 9000 416 
30 12 9000 LS 
35 12 9000 405 
40 12 9000 379 
45 12 9000 360 
15 12 11000 332 
20 12 11000 401 
25 12 11000 41L 
30 12 11000 406 
35 12 11000 397 
40 12 11000 377 
u5 12 11000 360 
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APPENDIX E 


MAXIMUM APOGEE TRAJECTORY, 


Time = Seconds 

Velocity = Meters/Second 

Lift 

Drag 

Thrust 

Mass = KG 

Altitude = Meters 

Dynamic 
Pressure 

Angle = Degrees 


Newtons 
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DELTA TIME= 1 
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